Introduction
Invasive species are recognized as a direct and major cause of biodiversity loss [1] . A less recognized issue with invasive species is the concomitant introduction of microorganisms that they host, including pathogens. Novel pathogens can have devastating effects on evolutionary and immunologically naive communities. These pathogens may even facilitate their host's invasion and contribute to biodiversity loss through spillover and differential effects on new hosts [2] . However, the potential threat of co-introduced pathogens is difficult to quantify given our poor knowledge of viruses in arthropods [3] .
While invasive species can arrive with pathogens that may facilitate their establishment [2] , new environments also expose exotic species to novel microbial communities. Established invasive species may experience population declines in their introduced range, which are often attributed to pathogens [4] . They have been hypothesized to have a low immuno-genetic diversity due to founder effects making introduced species less resilient to infection [5] .
Argentine ants (Linepithema humile) are one of the six most widespread, abundant and damaging invasive ants [6] . They frequently form large colonies with the interchange of workers over a wide area. Such behaviours could increase the probability of disease transmission and facilitate epidemics [5] . Population collapse or dramatic range reductions have been previously observed with Argentine ants [7, 8] . Cooling et al. [8] recorded the absence of these ants from 60 out of 150 (40%) previously known infestations, and hypothesized that pathogens were a potential mechanism for this collapse. No viruses, however, have been described from Argentine ants or other invasive ants, with few exceptions (e.g. Solenopsis invicta [9, 10] ). Here, we discovered a novel virus in Argentine ants. We also show that Argentine ants are a common host for Deformed wing virus (DWV): a widespread bee pathogen associated with honeybee mortality [11] .
Methods and material (a) Metagenomic discovery of viruses
Argentine ants were collected in 2013 from two nests in Wellington, New Zealand (41.22188 S, 174.87248 E). RNA was extracted from a pool of 30 ants from each nest using an iPrep PureLink Virus kit (Life Technologies; see the electronic supplementary material). The two extractions were combined into a single sample to increase nucleic acid amount. To detect RNA viruses, DNA was removed using DNase treatment with Ambion DNA-free (Life Technologies). Eight microlitres of DNA-free RNA was incorporated into first-strand cDNA synthesis (Life Technologies) including RNase H digestion. To ensure more than 1 mg of DNA was available for library preparation, the cDNA was amplified by multiple displacement amplification using a Whole Transcriptome Amplification kit (Qiagen). Sequencing libraries were prepared with the Illumina TruSeq DNA library preparation kit (Qiagen) followed by sequencing on an Illumina MiSeq producing 250 bp paired-end reads.
The quality of the sequence data was examined using Fast QC. Reads were trimmed when the average Phred score was less than 30. Duplicate reads were collapsed using FASTXToolkit 0.10.1. Velvet 1.2.07 [12] was used for de novo assembly of the trimmed sequence data with a k-mer of 75. Contigs were searched against the NCBI GenBank non-redundant nucleotide sequence database using BLASTN and BLASTX (BLASTþ 2.2.27 [13] ) with an e-value threshold of 0.001. MEGAN 4.7 [14] was used for taxonomic assignment with a threshold criteria for inclusion requiring a bit score of more than 50 and contig sequence complexity more than 0.44.
(b) Virus prevalence and distribution
To confirm the viral sequences and to detect their presence in natural populations, Argentine ants were collected between 2012 and 2015 in either 100% ethanol or Ambion RNAlater (Life Technologies). Samples were from 30 sites throughout the ant's invaded range in New Zealand, two sites in Australia, and three sites from the Argentinian native range. RNA was extracted for each site from a pool of 30 ants using either an iPrep PureLink Virus kit (Life Technologies), as described above, or a GeneJET Viral DNA & RNA Purification Kit (Thermo Scientific). We also analysed for viruses previously observed in ants or other insects [9] [10] [11] 15 ] using one-step RT-PCRs: Israeli acute paralysis virus (IAPV), Kashmir bee virus (KBV), Acute paralysis bee virus (APBV), DWV and Solenopsis invicta virus-1 and -2 (SINV-1 and SINV-2). Four contigs from the RNA metagenome (n1000, n1905 and n1050, n6409) were also assessed using RT-PCR (see the electronic supplementary material).
Phylogenetic analysis was conducted in MEGA 6.06 [16] after ClustalW alignment [17] . An evolutionary model was chosen using Bayesian information criterion scores (BIC) derived in MEGA 6.06. Maximum-likelihood trees with 1000 bootstrap replicates were generated using the LG model with a gamma parameter of 4.65 (LG þ G [18] ) for the Linepithema humile virus 1 (LHUV-1) amino acid sequences and the Tamura 3-parameter model with uniform rates (T92 [19] ) for the DWV nucleotide sequences.
To investigate the active replication of DWV and LHUV-1, a modified RT-PCR was used to detect the RNA negative strands of both viruses. This assay was first undertaken on a pooled sample of 30 workers. We additionally assayed for both viral presence, and the active replication, of DWV and LHUV-1 in 15 individual Argentine ant workers and 14 queens from one New Zealand location (Paraparaumu; see the electronic supplementary material).
Results (a) Metagenomic discovery of viruses
A total of 139 943 contigs were assembled for the RNA metagenome. A BLASTN search revealed 33 contigs similar to viral sequences in the Dicistroviridae family ( figure 1a,b) . PCR assays using published primers failed to detect viral sequences from IAPV, KBV, ABPV, SINV-1 and SINV-2 (see the electronic supplementary material).
RNA metagenome contig n6409 matched the structural polyprotein (capsid region) of dicistroviruses and therefore was suitable for a phylogenetic analysis for provisional taxonomic assignment of the putative virus. The presence of contig n6409 sequence was confirmed using Sanger sequencing, and phylogenetic analysis positioned the contig with other dicistroviruses ( figure 1c) . This sequence appears to be from a novel virus we have provisionally named LHUV-1.
(b) Virus prevalence and distribution LHUV-1 was detected in all sampling sites, with one exception in New Zealand (figure 2). The contig n1000 sequence was present in all sites in Argentina and Australia but in less than half the sites in New Zealand (13/27). The n1905 and n1050 contigs were only detected in Australia and New Zealand (figure 2). All Sanger sequencing data were identical to the RNA metagenome contig, with the exception of a few nucleotide differences (less than 1%; see the electronic supplementary material).
We used these additional ant samples from around New Zealand to examine for viruses previously observed in bees, ants or other insects [8] [9] [10] 14] : IAPV, KBV, ABPV, DWV, SINV-1 and SINV-2. Only DWV was detected, and it was only found in New Zealand (22 of 27 sites; figure 2). The DWV sequences grouped with other known DWV found in honeybees (Apis mellifera) and common wasps (Vespula vulgaris; figure 1c ). Both DWV and LHUV-1 negative strands were detected indicating that the two viruses actively replicate in Argentine ants.
We further assayed for both viral presence, and the active replication, of DWV and LHUV-1 in individual Argentine ant workers and queens from one location in New Zealand (Paraparaumu; see the electronic supplementary material). DWV and LHUV-1 presence were confirmed by RT-PCR and Sanger sequencing, and all positive samples showed active viral replication after confirmation by a modified one-step RT-PCR. In worker ants, DWV was observed with replication in 7% (infection 1/15; replication 1/1) and LHUV-1 in 13% (infection 2/15; replication 2/2). Additional sampling in winter showed a single LHUV-1-positive individual queen (infection 1/14; replication 1/1) with viral replication, but no rsbl.royalsocietypublishing.org Biol. Lett. 11: 20150610 DWV in queens at this time. We did not observe any evidence of viral co-infections in any of these individually assayed ants.
Discussion
This is the first study to describe viruses in one of the world's most widespread, abundant and damaging invasive ants. We describe the presence of the novel LHUV-1, of the Dicistroviridae family, in three countries including the native range of Argentine ants. Viruses related to LHUV-1 can devastate insect populations, including those associated with colony collapse in honeybees [11] . Six dicistroviruses have been described from red imported fire ants (Solenopsis invicta), with some being considered as biocontrol agents [9, 10] . LHUV-1 and the DWV were observed to be actively replicating in Argentine ants. This replication indicates that the viruses were likely parasitizing the ants, rather than merely being vectored as particles. Therefore, these viruses may be candidates for the population declines observed in Argentine ants [7, 8] and may have potential for biocontrol programmes.
We also found evidence for other potential viral species in Argentine ants (i.e. contigs n1000, n1905 and n1050). We did not obtain sequence from the novel viruses for homologous genes encoding structural proteins or conserved replication function (i.e. capsid, RNA-dependent RNA polymerase). rsbl.royalsocietypublishing.org Biol. Lett. 11: 20150610
Such genetic data would be necessary in order to develop informative phylogenetic trees and confirm taxonomic relationships. Our BLASTN and BLASTX analyses were indicative that these contigs are closely related to the dicistroviruses found in bees including IAPV and KBV. IAPV and DWV have been observed in ants previously [15] . However, our PCR analysis using established primers for IAPV or KBV and other related bee viruses, with the exception of DWV, failed to find evidence for the presence of these viruses. Thus, whether these contigs represent new viruses or are strains of known species remains an open question. Our study also raises additional questions for further work. For example, it seems likely that LHUV-1 was introduced by Argentine ants into New Zealand and Australia. While this scenario seems likely, it may also be the case that the LHUV-1 is present in other species around the world. Additional work is needed to assess the virus specificity and seasonal population dynamics in Argentine ants and other insects. It is possible that LHUV-1 may even infect honeybees, as our and other work is indicative of pathogen sharing between insect hosts [15, 20, 21] .
Our results indicate that Argentine ants host, and likely act as a reservoir of the DWV, an aetiological agent implicated in honeybee deaths [11] . Transmission of viruses between foraging hymenopteran host species has been demonstrated [20] . A more direct interaction between honeybees and Argentine ants occurs when these ants raid beehives. The New Zealand DWV sequences were similar to strains from local bee and wasp populations [21] , suggesting that ants, wasps and bees share pathogen strains. Such effects clearly represent a new dimension to a poorly considered effect of biological invasions. When exotic species invade new environments, become widespread and abundant, they may have a major impact by becoming hosts and reservoirs for important pathogens.
Data accessibility. Metagenomic data are deposited in the European Nucleotide Archive (http://www.ebi.ac.uk/ena, accession no. PRJE10079). Sequences for LHUV-1, DWV, and contigs n1000, n1905 and n1050 can be accessed from Genbank (Accession numbers KT713624, KT695629, KT713625, KT713626, and KT713627, respectively). rsbl.royalsocietypublishing.org Biol. Lett. 11: 20150610
